A large-area electronics (LAE) strain sensor, termed soft elastomeric capacitor (SEC), has shown great promise in fatigue crack monitoring. The SEC is capable to monitor strain changes over a large structural surface and undergo large deformations under cracking. Previous tests verified that the SEC can detect and localize fatigue cracks under low-cycle fatigue loading. In this paper, we further investigate the SEC's capability for monitoring high-cycle fatigue cracks, which are commonly seen in steel bridges. The peak-to-peak amplitude (pk-pk amplitude) of the SEC measurement is proposed as an indicator of crack growth. This technique is is robust and insensitive to long-term capacitance drift. To overcome the difficulty of identifying the pk-pk amplitude in time series due to high signal-tonoise ratio, a signal processing method is established. This method converts the measured SEC capacitance and applied load to power spectral densities (PSD) in the frequency domain, such that the pk-pk amplitudes of the measurements can be accurately extracted. Finally, the performance of this method is validated using a fatigue test of a compact steel specimen equipped with a SEC. Results show that the crack growth under high-cycle fatigue loading can be successfully monitored using the proposed signal processing method.
INTRODUCTION
Many existing highway bridges carry significant magnitude of loads over their long service periods, making them potentially prone to structural damages. Specifically, fatigue cracks occurring in steel bridges are critical structural concerns. These cracks are usually small in size at their initiations, leading to a challenging identification task. However, depending on the structural boundary conditions and bridge layouts, they may grow rapidly and cause catastrophic structural failures [1] .
Fatigue cracks monitoring is critical for steel bridge such that warning messages can be sent before cracks reach critical sizes. To date, the most common crack detection approach is visual inspection [2] . However, this approach is labor intensive, high cost, and prone to error. Nondestructive evaluation (NDE) techniques such as dye penetration, eddy current [3] , magnetic particles [4] , and ultrasonic testing [5] can improve the accuracy of crack detection. Nevertheless, human operations are needed as opposed to automatic and continuous fatigue crack monitoring. Other advanced technologies like acoustic emission [6] and piezoelectric sensor [7] also show potentials for crack detection; but as tradeoffs, they require complex test setup and the accuracy of the detection result may depend on the noise level. Computer vision based crack detection algorithms have also been applied to detect certain types of cracks [8] .
Recently, novel sensing technologies have received great attentions for structural health monitoring over mesoscale civil structures [9, 10] . Among them, large-size strain sensors show promises to monitor strain over large structural areas. Examples include nanotube-based sensors [11] , resistive sensor sheets [12] , patch antenna sensors [13] , and soft elastomeric capacitor (SEC) sensors [14] . In particular, the SEC is a highly stretchable sensor, and is able to monitor a large strain change up to 20% [14] . In addition, it can be fabricated into large sizes (e.g. 3 in. by 3 in.). Past studies verified that the SECs can monitor strains of civil structures [15] and be used to reconstruct strain maps under inplane stress conditions [16] .
The above features of the SEC make it suitable for monitoring crack activities. The concept is to deploy the SEC over fatigue-susceptible regions on structural surfaces, so that it can sense the abrupt strain change caused by cracking beneath the sensing skin. Preliminary experimental results verified that the SEC can localize and detect low-cycle fatigue cracks [17] . Later, under similar test configurations and loading protocols, quantitative relations between the crack geometries and the sensor's measurements were investigated [18, 19] . Furthermore, a numerical approach was investigated through finite element analysis, aiming to numerically predict the SEC's response under crack growth [20, 21] .
In this paper, we further the investigation of the SEC for monitoring high-cycle fatigue cracks. Compared to lowcycles fatigue, one important feature of high-cycle fatigue is that the crack growth is provoked by fatigue loading with much lower load ranges, which leads to smaller crack openings hence smaller sensor response, making it possibly challenging to monitor these cracks using the SEC. In addition, a long-term monitoring strategy must be considered for ensuring the functionality of the SEC over the long fatigue life of structures.
To address the challenges, we propose to use the peak-to-peak amplitude (pk-pk amplitude) of the sensor's measurement as an indicator of crack growth. Frequency analysis is applied to robustly identify the pk-pk amplitude in the time series measurement with significant noise. The proposed method is validated experimentally through fatigue testing of a compact, C(T), specimen equipped a SEC. Results demonstrate that the proposed signal processing method can accurately and robustly identify the fatigue crack growth.
SOFT ELECTROMETRIC CAPACITOR
As shown in Fig. 1 , the SEC is a large-area capacitor with a sandwiched structure. Its middle layer is a nonconductive plate made by styrene-ethylene/butylene-styrene (SEBS) block co-polymer filled with titania, while the top and bottom layers are two conductive plates consisting of SEBS filled with carbon black. Two copper tapes are deployed on top and bottom plates to connect the sensor to the data acquisition (DAQ) system. Details on the fabrication process of the SEC can be found in [13] . Fig. 1b shows the dimensions of the SEC, where w and l are the width and length of its effective sensing area, respectively, and h is the thickness of the sensor. The SEC can be deployed on structure surface using bi-component epoxy. The strain change beneath the SEC provokes geometrical change of the sensing area A and thickness h, causing change of the capacitance C of the sensor, as shown in the following equation:
where e 0 is the permittivity of air, e r is the permittivity of the dielectric, and A=w⋅l is the sensing area. The dimension of the SEC in this study is 3 in by 3 in, with an effective sensing area of 2.5 in by 2.5 in (Fig. 1c) . 
SIGNAL PROCESSING METHOD
The principle of the SEC for strain sensing can be further extended for crack monitoring, which is illustrated in Fig.  2 . The SEC is deployed on a steel plate subjected to a fatigue load F. For demonstration purpose, the load range of F is assumed to be constant during the crack growth. Under the fatigue load F, a crack is generated from the right end of the specimen and propagates to the left. When the crack tip is outside the sensing area ( Fig. 2a) , the SEC can be treated as a large area strain gauge, producing a change in capacitance C caused by change in geometry (i.e., strain). Fig. 2b shows a later stage of the crack growth when the crack propagates into the sensing area. Larger mean capacitance and pk-pk amplitude can be observed. When the crack grows further ( Fig. 2c ), both mean capacitance and pk-pk amplitude are further increased. This is due to the fact that the stiffness of the steel plate is weakened by the crack growth, so that the crack opens more under the same range of load F, provoking larger deformations of the sensing skin. Previously, the mean capacitance of the SEC (as illustrated in Fig. 2 ) has been proposed for monitoring the crack growth under low-cycle fatigue loading. However, monitoring the mean capacitance is insufficient for identifying the crack growth under high-cycle fatigue loading because the SEC is subject to capacitance drift [22] during longterm monitoring. The capacitance drift may be attributed to temperature and humidity change, or an intrinsic electrical behavior, which can be found in many smart materials [23, 24] .
In this paper, we propose to use the pk-pk amplitude (as illustrated in Fig. 2 ) of the SEC's capacitance measurement to monitor high-cycle fatigue crack growth. The pk-pk amplitude is insensitive to the capacitance drift hence more
peakF> robust for long-term crack monitoring. Nevertheless, the pk-pk amplitude is difficult to be accurately identified in time series, due to high signal-to-noise ratio under lower load ranges associated with high-cycle fatigue loading. To robustly capture the pk-pk amplitude, a signal processing method based on frequency analysis is proposed and is illustrated in Fig. 3 . The method contains three steps: data collection, frequency analysis, and computation of the crack growth index (CGI).
In the first step, both capacitance C (i) of the SEC and force F (i) of the applied fatigue load are collected when the crack propagates to different lengths l (i) . The pk-pk amplitude of the SEC is provoked by the crack opening, which is further governed by the applied load. Therefore, in order to monitor the crack growth, the capacitance measurements C (i) need to be normalized by the applied fatigue load F (i) . The applied force can either be directly measured through the actuator in laboratory setting or indirectly via appropriate strain measurements in field test. The next step is to calculate the power spectral densities (PSDs) of the capacitance C (i) and force F (i) measurements.
Peaks of the PSD curves (peak . Averaging can be applied to reduce the noise effects. Compared with directly obtaining the pk-pk amplitude in the time series, the proposed method produces more robust results with high noise content present in the measurements. Once peak 
EXPERIMENTAL VALIDATION

Test configuration
Fig . 4 shows the test configuration. A C(T) specimen was used in the fatigue testing. The specimen was made of A36 steel with a thickness of 0.25 in. The dimensions of the C(T) specimen is shown in Fig. 4e . A notch was prefabricated on the C(T) specimen for generating the fatigue crack. The specimen was mounted on the Instron load frame (model 1334) through two clevises. Two adhesive measuring tapes were attached on the front side of the specimen to measure the crack length during the test, while an SEC was installed on the backside using epoxy (JBweld) as shown in Fig. 4d . To monitor the opening of the crack, a clip-on displacement gage (Epsilon model 3541) Fig. 7 shows a picture of the fatigue crack during the test. The plastic deformation at the crack tip is limited by the new-designed loading protocol. At the end of the test, a total of 1,810,000 load cycles were applied to the C(T) specimen and the test was terminated when the crack reached 29/16 in.
Fl-
(a) (b) Figure 7 . (a) A picture of the fatigue crack during the test; and (b) the detail of the crack Fig. 8 shows the full record of the capacitance measurement C (i) of the SEC throughout the fatigue test as well as detailed plots of typical measurements in a shorter time duration of 10 sec. The crack length corresponding to each measurement C (i) is labeled on each figure. As illustrated in Fig. 8 , the overall mean capacitance of the SEC is subject to drift in this long-term measurement, as the entire fatigue test lasted for about one month. Additionally, high signal-to-noise ratio can be found due to the low fatigue load range. Accurately identifying the pk-pk amplitude of the time series can be challenging. In the next subsection, the capacitance C (i) and applied force F (i) are processed using the proposed signal processing method to be able to identify the crack growth. 
Validation of CGI
To validate the performance of the proposed signal processing method, both capacitance C (i) and applied force F (i) are processed using the procedure described in section 3. First, C (i) and F (i) are detrended to have a zero mean with only the pk-pk amplitude information retained in the signals. Then, PSD of C (i) and F (i) are computed when the crack reaches different lengths. A NFFT (number of fast Fourier Transform points) of 1024 are used in the PSD computation. The PSD results for both SEC measurement and the applied load are shown in Fig. 9 and Fig. 10 , respectively. The crack lengths on these figures are measured from the notch as illustrated in Fig. 6 . Because the test adopts a periodic sinewave as the fatigue load, dominant peaks on the PSD curves (peak In this paper, we presented a novel strain sensing technology for monitoring high-cycle fatigue cracks in steel bridges. The SEC is adopted for its large sensing area, flexibility, and mechanical robustness. In particular, the pkpk amplitude of the SEC's capacitance response is proposed as a robust indicator of fatigue crack growth. To accurately identify the pk-pk amplitude, a signal processing method is established based on frequency analysis. The performance of the proposed method is then experimentally evaluated by fatigue testing a C(T) specimen equipped with a SEC. Results indicate that a positive correlation can be found between log(CGI) and crack growth. The proposed signal processing method greatly enhanced the SEC's capability for monitoring high-cycle fatigue cracks. The findings of this investigation offer great potential for further applications of the SEC in steel bridge applications.
The proposed strategy was evaluated in a laboratory setting in the present study. The fatigue load was assumed to be a periodic sinusoidal wave with a single dominant frequency, which is adopted many other fatigue tests [27, 28] . However, fatigue cracks in steel bridges are generated by traffic loads, which contain more complex features than the load applied in this study. In particular, traffic load cycles could contain different features in terms of amplitude and frequency, depending on the weight and speed of passing vehicles. Our future work will focus on updating the current signal processing method for steel bridge applications under complex traffic loads.
